INTRODUCTION
Polar regions are currently affected by multiple environmental changes exposing marine and terrestrial ecosystems to high environmental pressure and potential regime shifts (e.g. ACIA 2005, Grebmeier et al. 2006 , IPCC 2007 , Occhipinti-Ambrogi 2007 , Wassmann et al. 2011 . The rapid decline of the sea ice cover in the Northern Hemisphere (Stroeve et al. 2007 , Comiso et al. 2008 ABSTRACT: We assessed phytoplankton dynamics and its environmental control across the Canadian High Arctic (CHA). Environmental (hydrographic, atmospheric, sea ice conditions) and biological variables (phytoplankton production, biomass, composition) were measured along 3500 km transects across the Beaufort Sea, the Canadian Arctic Archipelago, and Baffin Bay during late summer 2005, early fall 2006 and fall 2007. Phytoplankton production and chlorophyll a (chl a) biomass were measured at 7 optical depths, including the depth of subsurface chl a maximum (Z SCM ). Phytoplankton taxonomy, abundance, and size structure were determined at the Z SCM . Redundancy analyses and non-metric multidimensional scaling were used to assess relationships between phytoplankton composition in relation to biological and environmental variables. In late summer/fall, the CHA was characterized by (1) an oligotrophic flagellate-based system extending over the eastern Beaufort Sea, the peripheral Amundsen Gulf, and the central region of the Canadian Arctic Archipelago; and (2) a eutrophic diatom-based system located in Baffin Bay, Lancaster Sound, and in a hotspot in the central Amundsen Gulf. The oligotrophic regions were characterized by low production and biomass of large phytoplankton cells (> 5 µm) and relatively high abundance of eukaryotic picophytoplankton (< 2 µm) and unidentified nanoflagellates (2−20 µm). The eutrophic regions were characterized by high production and biomass of large cells and relatively high abundance of centric diatoms, mainly Chaetoceros spp. The distinction between the 2 regimes was explained by differences in stratification (density gradient) and nitrate concentrations at the Z SCM . This study demonstrates the key role of vertical mixing and nutrient input in shaping the structure and function of phytoplankton communities in the CHA, showing how ongoing environmental changes have the capacity to alter the diversity of biogeographic regions in the CHA. et al. 2009 ) has led to predictions of a sea ice free summer Arctic by the year 2037 (Wang & Overland 2009) . Sea ice melt also contributes to significant freshwater input (Peterson et al. 2006 , McPhee et al. 2009 ) which, combined with increased precipitation and an intensification of the hydrological cycle (Peterson et al. 2002 , Serreze et al. 2006 , increases the stratification of the water column (Behrenfeld et al. 2006 , Yamamoto-Kawai et al. 2009 ). In addition, the timing of sea ice formation and melt affects light availability (ACIA 2005) and the duration of the phytoplankton growing season (Arrigo et al. 2008 , Kahru et al. 2011 . Other Arctic changes include significant warming of the Arctic Ocean (Polyakov et al. 2005 ), changes in water mass characteristics and distribution (Shimada et al. 2006 , Dmitrenko et al. 2008 , and an increase in the frequency and intensity of storms that could induce more episodic vertical mixing events (McCabe et al. 2001 , Zhang et al. 2004 , Yang 2009 ).
The balance between stratification, mixing, and the light regime is implicitly linked to the sea ice cover and requires special attention with respect to its influence on phytoplankton production in the Arctic Ocean. Rysgaard et al. (1999) suggested that annual primary production was correlated to the length of the growth season in the Arctic. With in situ experiments, Glud et al. (2007) later showed that short-term rates of primary production were light limited during spring. Recently, Tremblay & Gagnon (2009) showed that major changes in annual primary production across the Arctic are controlled by dissolved nitrogen supply rather than light availability. In line with fundamental ecological phytoplankton models (Margalef et al. 1979 , Legendre & Rassoulzadegan 1995 , Cullen et al. 2002 , vertical stratification has been highlighted as a key controlling factor of the productivity and structure of marine ecosystems of the Arctic Ocean (Carmack & Wassmann 2006 , Carmack 2007 . Vertical mixing determines, in part, the productivity regime and phytoplankton size structure (i.e. flagellate-based versus diatom-based systems), by favoring possible nutrient replenishment in the upper water column. Flagellate-based systems are typically supported by autochthonous (regenerated) nutrients, and are mainly characterized by picophytoplankton (< 2 µm), heterotrophic bacteria, and heterotrophic nanoflagellates (Azam et al. 1983 , Landry et al. 1997 . In contrast, diatom-based systems are composed of large phytoplankton cells, taking up allochthonous (new) nutrients replenished by physical forcing events (Cushing 1989) . Both of these phytoplankton regimes are present in the Arctic Ocean and adjacent seas (e.g. flagellate-based system: Legendre et al. 1993 , Li et al. 2009 ; diatom-based systems: Mostajir et al. 2001 , Hill et al. 2005 . However, their large-scale distribution and associated physical forcing remain to be confirmed by multi-year investigations.
Ongoing responses of primary production to climate change in the world's oceans are currently a subject of controversy (e.g. Boyce et al. 2010 , 2011 , Steinacher et al. 2010 , Behrenfeld 2011 , Chavez et al. 2011 , Taucher & Oschlies 2011 . On the one hand, recent remote sensing studies have suggested a global decrease in oceanic phytoplankton biomass over the past century (Boyce et al. 2010 (Boyce et al. , 2011 and an expansion of oligotrophic areas in the world's oceans (Polovina et al. 2008 ). In addition, 4 global coupled carbon cycle−climate models are projecting a decrease in global net primary production by 2100 relative to preindustrial conditions, mainly explained by reduced nutrient inputs into the euphotic zone due to enhanced stratification (Steinacher et al. 2010) . On the other hand, using satellite and in situ measurements at time series stations, Chavez et al. (2011) found that global marine primary production increased over the past several decades in association with multi-decadal variations. A recent study by Taucher & Oschlies (2011) suggested that a better understanding and modeling of direct temperature effects on biological processes is required in order to predict the direction of marine primary production changes under global warming. Accordingly, Behrenfeld (2011) suggested that the warming of the upper water column may stimulate plankton metabolism, enhancing photosynthesis, and could contribute to increase global ocean productivity. In contrast to the other oceans, large-scale and long-term observations of phytoplankton production and biomass in the Arctic Ocean are not available in the literature. In this ocean, there is disagreement among fully coupled atmosphere−ocean general circulation models on the long-term trends in net primary production. For example, 3 global coupled carbon cycle−climate models predict an increase in net primary production, while 1 model projects a decrease over the 21st century (Steinacher et al. 2010) . Arrigo & van Dijken (2011) Recently, an increase in stratification associated with a warmer and fresher surface layer has been ob served in the Canada Basin (YamamotoKawai et al. 2009 , McLaughlin & Carmack 2010 , favoring the development of small phytoplankton cells (Li et al. 2009 ). These changes appear to be related to a recent decrease in CO 2 uptake capacity (Cai et al. 2010) . In a rapidly changing Arctic and with our degree of uncertainty about the directions of present and future primary production changes, it appears essential to understand and predict how phytoplankton regimes will respond to climate change.
The objectives of the present study were to (1) characterize marine phytoplankton regimes in the Canadian High Arctic in terms of phytoplankton production, biomass, cell-size structure, and community composition, and (2) assess the influence of biological and environmental factors on the structure and function of Arctic phytoplankton communities in the context of current environmental changes. We addressed these objectives through a multi-year study covering 3 distinct biogeographic regions. In the west, the Beaufort Sea is characterized by nutrientpoor surface waters and low primary production due to the strong vertical stratification caused by freshwater input from the Mackenzie River and sea ice meltwater (Carmack & Macdonald 2002) . In the east, the North Water Polynya in Baffin Bay is considered the most productive region in the Canadian Arctic due to enhanced vertical mixing . Baffin Bay and the Beaufort Sea are connected by the narrow channels and interconnected sounds of the Canadian Arctic Archipelago, which form a complex and diverse shelf environment , Carmack & McLaughlin 2011 . A spatial gradient in phytoplankton size structure has been previously observed in this region, with a transition from picophytoplankton in the west to nanophytoplankton in the east ). Here, we aimed at moving further ahead by evaluating the structure and function of the entire size spectrum of phytoplankton communities in relation to water column properties.
MATERIALS AND METHODS

Study area and sampling design
Sampling was performed onboard the CCGS 'Amundsen' along recurrent transects from the Beaufort Sea to Baffin Bay from 16 August to 13 September 2005, 7 Fig. 8 ). Water depth was deeper than 200 m at 64%, 56%, and 100% of the stations visited in the Beaufort Sea, Canadian Arctic Archipelago, and Baffin Bay, respectively ( Fig. 1) .
At each station, sea ice coverage (I C ) was estimated from shipboard visual observations, using the standard procedure described by Environment Canada (2005) . A vertical profile of irradiance (PAR: photosynthetically active radiation, 400 to 700 nm) was then performed with a PNF-300 radiometer (Biospherical Instruments) and used to determine the depth of the euphotic zone (Z eu , 0.2% of surface irradiance, as in ). Downwelling incident PAR was also measured at 10 min intervals from the beginning to the end of each expedition with a LI-COR cosine sensor (LI-190SA) placed on the foredeck in an area protected from shading.
At each station, water samples were collected with a rosette sampler equipped with 12 l Niskin-type bottles (OceanTest Equipment, n = 24), a Sea-Bird 911plus conductivity, temperature, depth (CTD) probe for salinity and temperature measurements, a nitrate sensor (ISUS V2, Satlantic), and a chlorophyll fluorometer (SeaPoint). Water samples were collected at 7 optical depths (100, 50, 30, 15, 5, 1, and 0.2% of surface irradiance), including the depth of the subsurface maximum chlorophyll fluorescence (Z SCM ). Subsamples were transferred into acidwashed bottles and isothermal containers, and processed immediately after collection.
Nutrients, chl a, and primary production
Nutrient and chl a concentrations and primary production rates were determined at the 7 optical depths, including Z SCM . Nitrate plus nitrite (NO 3 + NO 2 ), phosphate (PO 4 ), and silicic acid (Si(OH) 4 ) concentrations were measured immediately after sampling using a Bran-Luebbe 3 autoanalyzer (adapted from Grasshoff et al. 1999) . Nitrate data were used to post-calibrate the optical nitrate probe and generate high-resolution vertical profiles, as described by Martin et al. (2010) . Late summer 2005 BS 0.4 ± 0.4 29.9 ± 0.5 5.0 ± 0.4 23 ± 6 15.8 ± 1.5 74.1 ± 9.5 8.1 ± 1.3 0.8 ± 0.1 1.7 ± 0.7 5.6 ± 0.8 0.88 ± 0.09 CA 0.6 ± 0.7 30.2 ± 1.3 3.8 ± 0.7 2 ± 2 12.8 ± 2.5 35.5 ± 7.2 8.0 ± 3.6 1.1 ± 0.1 3.3 ± 0.9 10.1 ± 0.8 1.00 ± 0.04 BB 0.6 ± 0.6 32.1 ± 0.4 1.7 ± 0.3 14 ± 15 19.5 ± 2.1 52.4 ± 8.1 16.4 ± 8.9 1.2 ± 0.5 2.6 ± 1.4 4.9 ± 1.3 0.70 ± 0.09
Early fall 2006 BS −0.2 ± 0.3 30.0 ± 0.4 3.5 ± 0.8 ± 0 5.8 ± 1.0 51.6 ± 5.6 11.9 ± 1.3 0.8 ± 0.1 2.4 ± 0.7 8.0 ± 1.5 0.91 ± 0.11 CA 0.0 ± 0.4 29.2 ± 1.0 3.1 ± 0.7 10 ± 6 9.9 ± 1.7 49.0 ± 6.8 10.0 ± 3.1 1.0 ± 0.4 2.3 ± 1.3 6.1 ± 2.4 0.92 ± 0.13 BB −0.3 ± 0.3 31.9 ± 0.3 1.0 ± 0.2 8 ± 3 10.2 ± 1.4 47.1 ± 2.8 22.4 ± 6.2 1.3 ± 0.2 3.2 ± 0.5 4.6 ± 0.7 0.65 ± 0.05
Fall 2007
BS −1.2 ± 0.1 31.6 ± 0.3 1.3 ± 0.5 41 ± 9 1.0 ± 0.2 60.0 ± 5.7 19.6 ± 2.6 0.5 ± 0.1 5.3 ± 1.5 10.8 ± 2.3 1.04 ± 0.08 CA −0.8 ± 0.3 30.4 ± 0.7 2.3 ± 0.4 48 ± 14 3.3 ± 0.8 51.5 ± 6.9 19.0 ± 4.0 0.3 ± 0.1 0.39 ± 0.04 2.1 ± 0.3 0.67 ± 0.03 BB −0.9 ± 0.2 32.1 ± 0.5 1.2 ± 0.2 28 ± 12 ± 5.0 69.3 ± 9.6 18.2 ± 3.9 1.2 ± 0.3 2.2 ± 0.3 4.0 ± 0.7 0.76 ± 0.05 Duplicate subsamples (500 ml) for chl a determination were filtered onto Whatman GF/F glass-fiber filters (referred to as total phytoplankton biomass: B T , ≥0.7 µm) and onto 5 µm Nuclepore polycarbonate membrane filters (referred to as biomass of large phytoplankton cells: B L , ≥5 µm). Chl a concentrations were measured using a Turner Designs 10-AU fluorometer, following a 24 h extraction in 90% acetone at 4°C in the dark without grinding (acidification method: Parsons et al. 1984) .
At selected stations, primary production was estimated using the 14 C-uptake method (Knap et al. 1996 , Gosselin et al. 1997 . Two light and 1 dark 500 ml Nalgene polycarbonate bottles were filled with seawater from each light level and inoculated with 20 µCi of NaH 14 CO 3 . The dark bottle contained 0.5 ml of 0.02 M 3-(3, 4-dichlorophenyl)-1,1-dimethyl urea (DCMU; Legendre et al. 1983) . Bottles containing 14 C were incubated for 24 h, generally starting in the morning (Mingelbier et al. 1994) , under simulated in situ conditions in a deck incubator with running surface seawater (see Garneau et al. 2007 for details). At the end of the incubation period, 250 ml were filtered onto Whatman GF/F glass-fiber filters (referred to as total particulate phytoplankton production: P T , ≥0.7 µm), and the remaining 250 ml were filtered onto 5 µm Nuclepore polycarbonate membrane filters (referred to as production of large phytoplankton cells: P L , ≥5 µm). Each filter was then placed in a borosilicate scintillation vial, acidified with 0.2 ml of 0.5N HCl, and left to evaporate overnight under the fume hood to remove any 14 C that had not been incorporated (Lean & Burnison 1979) . After this period, 10 ml of Ecolume (ICN) scintillation cocktail were added to each vial. The activity of each sample was determined using a Packard Tri-Carb 2900 TR liquid scintillation counter.
Cell abundances
Samples for the identification and enumeration of protists > 2 µm at Z SCM were preserved in acidic Lugol's solution (final concentration of 0.4%, Parsons et al. 1984) and stored in the dark at 4°C until analysis. Cell identification was carried out at the lowest possible taxonomic rank using an inverted microscope (Wild Herbrugg) in accordance with Lund et al. (1958) . A minimum of 400 cells (accuracy: ±10%) and 3 transects were counted at a magnification of 200× and 400×. The main taxonomic references used to identify the phytoplankton were Tomas (1997) and Bérard-Therriault et al. (1999) . Pico-(< 2 µm) and nanophytoplankton (2−20 µm) cell abundances were determined at each station at Z SCM . Subsamples were fixed with glutaraldehyde Grade I (Sigma) to a final concentration of 0.1%, stored in liquid nitrogen onboard the ship, and kept frozen at −80°C before analysis (Marie et al. 2005) . Subsamples were pre-screened on a 40 µm nylon cell strainer ). Cells were counted using an EPICS ALTRA flow cytometer (Beckman Coulter) equipped with a 488 nm laser (15 mW output). Microspheres (1 µm, Fluoresbrite plain YG, Polysciences) were added to each sample as an internal standard. Picocyanobacteria and photosynthetic eukaryotes were distinguished by their differences in orange fluorescence from phycoerythrin (575 ± 20 nm) and red fluorescence from chlorophyll (675 ± 10 nm). Pico-and nanophytoplankton, counted by flow cytometry, were discriminated based on forward scatter calibration with known-size microspheres. Microplankton (> 20 µm) abundances were determined from microscopic counts.
Calculations and statistical analyses
Daily incident downwelling irradiance (E D ) was calculated at each station. Water temperature and salinity were averaged over the euphotic zone and will hereafter be referred to as T eu and S eu , respectively. The surface mixed layer (Z m ) was defined as the depth where the gradient in density (sigma-t, σ t ) is > 0.03 m −1 , in accordance with . The nitracline (Z Nit ) was determined from the second derivative of the nitrate concentration estimated with the Satlantic sensor with respect to depth according to Martinson & Iannuzzi (1998) . The stratification index of the upper water column (Δσ t ) was estimated as the difference in σ t values between 80 and 5 m, as in . Nutrient concentrations were determined for Z SCM and were integrated over Z m and Z eu , using trapezoidal integration (Knap et al. 1996) . Small cell phytoplankton production (P S , 0.7−5 µm) and biomass (B S , 0.7−5 µm) were calculated by subtracting P L from P T and B L from B T , respectively. Chl a concentration and primary production values of the 2 size fractions were also integrated over Z eu .
Prior to statistical analyses, all environmental and biological variables were tested for homoscedasticity and normality of distribution, using residual diagrams and a Shapiro-Wilk test, respectively. When required, a logarithmic or square-root transformation was applied to the data. For each variable, 2-way analysis of variance (ANOVA) was performed to assess significant differences between sampling years (i.e. 2005, 2006, and 2007) and biogeographic regions (i.e. Beaufort Sea, Canadian Arctic Archipelago, and Baffin Bay) (Sokal & Rohlf 1995) . The ANOVA test was completed by a post hoc test (Tukey's HSD test for unequal sample sizes). Spearman's rank correlation (r s ) was computed to infer relationships between 2 variables (Sokal & Rohlf 1995) . Model II linear regressions (reduced major axis; Sokal & Rohlf 1995) were used to evaluate linear relationships between phytoplankton chl a biomass and sea ice coverage in contrasting regions. These statistical tests were carried out using JMP version 7.01 software.
A non-metric multidimensional scaling (MDS) ordination of a Bray-Curtis similarity matrix coupled with a group-average cluster analysis was performed to characterize groups of stations with similar taxonomic composition (Clarke & Warwick 2001) , using PRIMER v6 software (Clarke & Gorley 2006) . Taxonomic groups (i.e. chlorophytes, choano flagellates, dictyochophytes, euglenids, raphidophytes, and ciliates) making up, on average, < 2% of total protist abundance (determined from light micro scopy) were excluded from the analysis in order to reduce double zeros in the data matrix. The relative abundance of the remaining taxonomic groups (i.e. centric diatoms, pennate diatoms, dinoflagellates, chrysophytes, cryp tophytes, prasi nophytes, prymnesiophytes, and un identified flagellates) was used to calculate the similarity matrix.
An analysis of similarities (1-way ANOSIM) was performed on the Bray-Curtis similarity matrix to identify groups of stations with significantly different taxonomic composition (Clarke & Warwick 2001) . A breakdown of species similarities (SIMPER) was performed to determine which taxonomic entry combination led to the resulting groups (Clarke 1993) .
A redundancy analysis (RDA) was conducted to assess interactions between major taxonomic groups of protists and biological and environmental variables. Linear-based ordination was selected based on gradient lengths (expressed in standard deviation units) of the first axis being < 2. After testing several transformations (i.e. Chord, χ 2 , and Hellinger), Legendre & Gallagher (2001) concluded that in the case of linear-based ordination, Hellinger transformation provided the best results. The direct gradient technique of RDA was performed using forward selection (and a Monte-Carlo permutation test, n = 9999 permutations) to determine a subset of significant environmental and biological variables explaining individual variation of taxonomic groups. Intraset Pearson's correlation (r P ) between environmental variables was determined by RDAs. Two ordination diagrams were produced to visualize interactions between various taxonomic groups of protists in relation to (1) biological and (2) environmental variables. RDA was carried out using the CANOCO v4.5 software package (ter Braak & Šmilauer 2002).
Late summer 2005 BS 172 ± 97 97 ± 35 75 ± 64 23.2 ± 11.2 13.6 ± 4.0 9.6 ± 7.3 11.3 ± 8.8 67.3 ± 6.6 3.8 ± 0.5 17.7 ± 4.7 75.5 ± 7.2 23.4 ± 6.9 1.1 ± 0.6 CA 295 ± 149 172 ± 52 123 ± 101 38.3 ± 15.7 16.8 ± 4.7 21.5 ± 12.0 29.8 ± 17.7 49.4 ± 11.8 1.7 ± 0.4 19.0 ± 9.1 67.9 ± 13.7 30.6 ± 13.4 1.5 ± 0.9 BB 448 ± 153 314 ± 133 134 ± 31 56.8 ± 17.8 26.5 ± 10.4 30.4 ± 15.7 25.2 ± 14.3 64.6 ± 14.5 3.3 ± 1.2 6.9 ± 2.5 66.6 ± 10.6 32.6 ± 10.0 0.8 ± 0.6
Early fall 2006 BS 64 ± 12 43 ± 8 20 ± 31 25.5 ± 15.7 12.6 ± 2.3 12.9 ± 3.9 33.7 ± 10.5 54.7 ± 9.3 6.1 ± 1 5.5 ± 1.3 55.4 ± 11.3 36.7 ± 8.5 7.9 ± 3.4 CA 122 ± 53 69 ± 27 52 ± 26 22.6 ± 7.7 7.3 ± 1.4 15.3 ± 6.8 53.3 ± 6.6 40.4 ± 7.0 3.0 ± 0.9 3.3 ± 0.4 46.6 ± 10.5 49.7 ± 9.9 3.7 ± 3.8 BB 310 ± 93 158 ± 54 152 ± 47 71.4 ± 10.7 18.1 ± 3.5 53.3 ± 7.7 65.9 ± 5.9 25.6 ± 3.7 3.4 ± 1.1 5.1 ± 1.8 34.5 ± 10.0 50.4 ± 9.9 15.1 ± 3.8
Fall 2007
BS ± nd ± nd ± nd 17.7 ± 3.0 8.3 ± 1.4 8.7 ± 2.4 10.2 ± 6.4 75.2 ± 5.3 8.0 ± 1.5 6.6 ± 1.0 70.3 ± 5.4 28.1 ± 5.3 1.6 ± 0.2 CA 49 ± 12 42 ± 9 7.6 ± 3 12.4 ± 1.0 9.9 ± 0.5 2.5 ± 0.6 3.4 ± 1.0 82.0 ± 2.6 9.2 ± 1.3 5.4 ± 0.6 88.1 ± 2 11.5 ± 1.8 0.4 ± 0.3 BB 326 ± 137 148 ± 62 178 ± 77 62.4 ± 20.1 19.8 ± 7.9 42.6 ± 16.1 44.8 ± 10.9 40.7 ± 8.3 9.1 ± 3.5 5.5 ± 0.7 51.3 ± 11.6 36.5 ± 8.2 12.2 ± 5.9 Table 2 . Biological variables (mean ± SE) in the 3 oceanographic regions of the Canadian High Arctic during late summer 2005, early fall 2006, and fall 2007. P T : total phytoplankton production; P S : production of small phytoplankton (0.7−5 µm); P L : production of large phytoplankton (≥5 µm); B T : total phytoplankton biomass; B S : biomass of small phytoplankton (0.7−5 µm); B L : biomass of large phytoplankton (≥5 µm); Diat.: diatoms; Flag.: flagellates; Dino.: dinoflagellates; Others: other protists > 2 µm, including ciliates, choanoflagellates, and unidentified cells; Pico.: picophytoplankton (< 2 µm) percent abundance; Nano.: nanophytoplankton (2−20 µm) percent abundance; Micro.: microplankton (≥20 µm) percent abundance. BS: Beaufort Sea; CA: Canadian Arctic Archipelago; BB: Baffin Bay; nd: no data available. Phytoplankton production and biomass were integrated over the euphotic zone. Community structure and composition were measured at the depth of the subsurface chlorophyll a maximum (Z SCM )
RESULTS
Spatio-temporal variability of environmental factors in the Canadian High Arctic
The environmental and biological variables measured in the 3 biogeographic regions of the Canadian High Arctic (i.e. Beaufort Sea, Canadian Arctic Archipelago, and Baffin Bay) during late summer 2005, early fall 2006, and fall 2007 are summarized in Tables 1 & 2 . Two-way ANOVAs revealed significant regional and seasonal differences in the study area (Table 3) . During the 3 sampling periods, salinity averaged over the Z eu (S eu ), Z SCM :Z Nit ratio, and (NO 3 +NO 2 ):Si(OH) 4 molar ratio at Z SCM were significantly higher in Baffin Bay than in the other 2 biogeographic regions (Fig. 2b,d (Fig. 2e) .
The (NO 3 +NO 2 ):Si(OH) 4 and (NO 3 +NO 2 ):PO 4 molar ratios at Z SCM were generally lower than the Redfield-Brzezinski values (1 and 16, respectively; Redfield et al. 1963 , Brzezinski 1985 , Conley & Malone 1992 ). Yet, the (NO 3 +NO 2 ):Si(OH) 4 significant regional or seasonal differences (Table 3) . NO 3 +NO 2 and Si(OH) 4 concentrations were ca. 10 and 2 times higher at Z SCM than at the sea surface, respectively. In contrast, PO 4 concentrations at Z SCM were similar to those at the surface. The daily incident irradiance was higher in Baffin Bay than in the Canadian Arctic Archipelago due to the difference in sampling periods, but decreased gradually from late summer 2005 to fall 2007 (Fig. 2f , Table 3 ). The stratification index was significantly higher in the Beaufort Sea than in Baffin Bay and, for all regions, was significantly lower in fall 2007 than in late summer 2005 (Fig. 2a, Tables 1 &  3 ). Water temperature averaged over the euphotic zone (T eu ; Fig. 2c ) was lower, while percent sea ice coverage was higher, in fall 2007 than during the 2 previous sampling periods. The surface mixed layer (Z m ) was deeper in fall 2007 than in late summer 2005 (Tables 1 & 3) . During this study, there was no significant regional or seasonal difference in Z eu or in the ratio of NO 3 +NO 2 to PO 4 at Z SCM (Table 3) .
Spatio-temporal variability of biological variables in the Canadian
High Arctic
During the 3 sampling periods, total (≥0.7 µm) and large (≥5 µm) phytoplankton chl a biomass integrated over the euphotic zone was significantly higher in Baffin Bay than in the other regions (Fig. 3a, c,e, Table 3 ). Phytoplankton biomass was generally dominated by large cells (≥5 µm) in Baffin Bay and by small cells (0.7−5 µm) in the Beaufort Sea and the Canadian Arctic Archipelago (Fig. 3a,c,e) . Particulate phytoplankton production by large (≥5 µm) and small (0.7−5 µm) cells integrated over the euphotic zone was significantly higher in Baffin Bay than in the Beaufort Sea during the 3 sampling years (Fig. 3b,d ,f, Table 3 ). Primary production was generally dominated by small cells, except in Baffin Bay in fall 2007 (Fig. 3b,d,f) . There was no significant difference in chl a biomass among the 3 sampling periods (Table  3) . However, primary production by small cells was significantly higher in late summer 2005 than in early fall 2006 (Fig. 3b,d , Table 3 ). Maximum chl a biomass and primary production were observed in early fall 2006 and late summer 2005, respectively (Fig. 3b,c) . During the 3 sampling periods, Z SCM was located at 26 ± 18 m in the Beaufort Sea, 24 ± 14 m in the Canadian Arctic Archipelago, and 37 ± 25 m in Baffin Bay.
Except for the 2 westernmost stations where flagellates were numerically dominant, we observed a (Fig. 4) . In contrast to the 2 previous years, dinoflagellates were consistently observed in fall 2007, making up 1 to 23.4% of the relative abundance of total protists (Fig. 4c) . During the 3 sampling periods, the highest relative abundance of picophytoplankton was observed in the Beaufort Sea and Canadian Arctic Archipelago, whereas the highest relative abundance of microplankton was observed in Baffin Bay (Fig. 5) . Picophytoplankton numerically dominated the phytoplankton community throughout the sampling area during late summer 2005 and fall 2007 (Fig. 5a,c) . Photosynthetic picoeukaryotes made up between 50 and 100% of the total picophytoplankton abundance. The relative nano phyto plankton abundance was higher in early fall 2006 than in fall 2007 (Fig. 5b,c) , whereas micro plankton showed a higher relative abundance in early fall 2006 than in late summer 2005 (Fig. 5a,b) . ) than surrounding stations (Fig. 3a, c,e) . These stations were also characterized by high relative abundance of nanophytoplankton (Fig. 5 ) and dia toms (Fig. 4) . Hereafter, this particular sector is referred to as the Amundsen Gulf hotspot.
Multivariate analyses
The cluster analysis identified 5 groups of taxonomically similar protist (> 2 µm) communities during the 3 yr sampling period in the Canadian High Arctic (ANOSIM, global R = 0.921, p ≤ 0.001; Fig. 6, Table 4 ). Each station defined by its own location allowed the determination of a relative regional distribution for each of the 5 groups previously identified. Group I was largely dominated by unidentified flagellates (91%) and comprised most of the stations in the eastern Beaufort Sea (89%), Amundsen Gulf (62%), and the central part of the Canadian Arctic Archipelago (67%). Group II was mainly characterized by unidentified flagellates (65%) followed by centric diatoms (26%), and was composed of stations located outside (39%) and inside (25%) the Amundsen Gulf hotspot. Group III consisted of only 1 station (Stn 101) in Baffin Bay (visited in 2005) and was characterized by a distinct taxonomic composition, with unidentified flagellates (53%), prymnesiophytes (22%), and chrysophytes (14%). Group IV consisted of centric diatoms (58%) and unidentified flagellates (35%), with stations mostly from the Amundsen Gulf hotspot (50%) and Baffin Bay (41%). Group V was dominated by centric diatoms (76%) followed by unidentified flagellates (17%), and comprised stations in Lancaster Sound (50%), Baffin Bay (35%), and the hotspot in Amundsen Gulf (25%).
Constrained RDAs revealed 5 significant biological variables explaining 33.7% of the protist distribution throughout the Canadian High Arctic (Fig. 7a , Table 5 ). The eigenvalue of the first RDA axis (λ 1 = 0.287) was significant (p < 0.05) and explained 81.6% of the total variance in taxonomic groups in relation to biological variables, including size structure. The biomass of large phytoplankton (B L ), relative abundances of picophytoplankton (Pico), nanophytoplankton (Nano), and microplankton (Micro) and production by large phytoplankton (P L ) were strongly correlated with the first RDA axis (r p = 0.83, Fig. 7a ). Constrained RDA with environmental factors resulted in 8 significant variables accounting for 37.1% of the variation in taxonomic composition of protists (Fig. 7b, Table 5 ). The eigenvalue of the first 2 RDA axes (λ 1 = 0.239, λ 2 = 0.066) were both significant (p < 0.05) and explained 64.4% and 17.9% of the total variance in taxonomic groups of protists, respectively. NO 3 +NO 2 concentrations at Z SCM , E d , Z SCM :Z Nit , S eu , I C , Δσ t , and Z BOT (bottom depth) were strongly correlated with the first RDA axis (r p values of −0.52, −0.46, −0.46, −0.33, 0.32, 0.32, and 0.31, respectively). The first RDA axis (λ 1 ) explained the spatial variability in the Canadian High Arctic with distinct regional and intra-regional patterns associated with specific environmental variables. Highly productive regions, such as Baffin Bay, Lancaster Sound, and the Amundsen Gulf hotspot, were characterized by high values in E d , S eu , Z SCM :Z Nit , and NO 3 +NO 2 at Z SCM .
Regions showing a predominance of picophytoplankton cells (i.e. eastern Beaufort Sea, the Amundsen Gulf, and the central part of the Canadian Arctic Archipelago) were controlled by the stratification of the water column. NO 3 +NO 2 concentrations at Z SCM were positively correlated with S eu (r p = 0.39, p < 0.001) and Z SCM :Z Nit (r p = 0.35, p < 0.001), and S eu was negatively correlated with Δσ t (r p = −0.59, p < 0.001). T eu , E d , NO 3 +NO 2 concentrations at Z SCM , Δσ t , and S eu were highly correlated with the second RDA axis (r p values of 0.53, 0.39, −0.38, 0.27, and −0.25, respectively). To a lesser extent, the second RDA axis (λ 2 ) explained the temporal variability in the Canadian High Arctic. The late summer period (Fig. 7) was characterized by high values in E d , T eu , and Δσ t . In contrast, the fall period (Fig. 7) was characterized by high S eu and the 
DISCUSSION
Distinct phytoplankton regimes in the Canadian High Arctic
Sampling of 3 successive 3500 km transects in the Canadian High Arctic revealed that 2 key groups prevailed among phytoplankton communities:
(1) unidentified flagellates in the eastern Beaufort Sea, Amundsen Gulf, and the central part of the Canadian Arctic Archipelago, and (2) centric diatoms (mainly Chaetoceros spp., data not shown) in Baffin Bay, Lancaster Sound, and the Amundsen Gulf hotspot (Fig. 6, Table 4 ). The 2 communities were characterized by distinct phytoplankton size structure, biomass, and production (Fig. 7a, Table 5 ). Flagellate-based systems were characterized by relatively high abundance of picophytoplankton as well as low biomass and production of large cells. Previous studies have also shown that flagellates were numerically dominant in the western Arctic during the open water period (Hsiao et al. 1977 , Schloss et al. 2008 , Brugel et al. 2009 ) and were primarily supported by regenerated nutrients (Carmack et al. 2004 ). In addition, flagellate-based systems have been reported in the deep Arctic basins (Legendre et al. 1993 , Gosselin et al. 1997 , Li et al. 2009 ). In contrast, diatom-based systems were characterized by relatively high abundance of nanophytoplankton and microplankton as well as high biomass and production of large cells. The diatombased systems have been described for different shelf and deep areas of the Arctic Ocean (von Quillfeldt 1997, Mostajir et al. 2001 , Lovejoy et al. 2002 , Hill et al. 2005 , within which they were usually fuelled by new nitrogenous nutrients (e.g. Tremblay et al. 2002 , Garneau et al. 2007 ).
Our results allowed us to distinguish 3 sub-regions in the Beaufort Sea: the eastern Beaufort Sea, the central Amundsen Gulf hotspot (see box in Fig. 1 Table 5 . Cen. dia: centric diatoms; Chry: chrysophytes; Cryp: cryptophytes; Dino: dinoflagellates; Pen. dia: pennate diatoms; Pras: prasinophytes; Prym: prymnesiophytes; Un. fla: unidentified flagellates. In (a), the arrows for centric and pennate diatoms are superimposed and the remainder of the Amundsen Gulf. During the 3 sampling years, the eastern Beaufort Sea, including the Mackenzie shelf, was characterized by low total phytoplankton chl a biomass (mean ± SD; 16.0 ± 5.5 mg m ) of the Beaufort Sea region. Phytoplankton biomass and production were generally dominated by small cells (< 5 µm) in the eastern Beaufort Sea and Amundsen Gulf, whereas phytoplankton biomass was dominated by large cells in the Amundsen Gulf hotspot. High abundances of zooplankton (Forest et al. 2011a ) and polar cod (Geoffroy et al. 2011) ), and a high relative abundance of large cells. This agrees with previous evidence that Lancaster Sound is a highly productive hotspot for several trophic levels , including phytoplankton and ice algae (Borstad & Gower 1984 , Michel et al. 1996 , zooplankton, polar cod (Welch et al. 1992 , Crawford & Jorgenson 1996 , birds, and the benthos (Thomson 1982) .
Throughout the study area, Baffin Bay had the highest total phytoplankton biomass (64.1 ± 7.3 mg chl a m , Klein et al. 2002 ). This region is described as the most productive marine system north of the Arctic Circle (Tremblay et al. 2006) in terms of primary production , zooplankton abundance (Acuña et al. 2002) , and seabird (Karnovsky & Hunt 2002) and marine mammal (Stirling 1997) populations. The overall results of the present study clearly indicate that pelagic diatom-based systems in the Canadian Arctic lead to efficient energy transfer to upper trophic levels and carbon export towards deeper water compared to flagellatebased systems, which have longer food chains (Fenchel 1988 , Cushing 1989 .
Based on the composition, size structure, biomass, and production of the communities, 2 phytoplankton regimes (i.e. flagellate-and diatom-based systems) and 6 sub-regions (i.e. eastern Beaufort Sea, Amundsen Gulf, Amundsen Gulf hotspot, central Canadian Arctic Archipelago, Lancaster Sound, and Baffin Bay) were distinguished across the Canadian High Arctic from late summer to fall. described the heterogeneous distribution of phytoplankton across the Canadian High Arctic in late summer. The highest abundance of picophytoplankton was observed in the Beaufort Sea/Northwest Passage region, whereas nanophytoplankton increased numerically toward the eastern Canadian Arctic. Clearly, our analysis provides an improved framework to understand the structure and function of marine phytoplankton communities as well as the fundamental processes influencing the transfer of carbon to higher trophic levels and to depth in coastal Arctic seas.
Influence of environmental factors on phytoplankton regimes
Spatial variability
The environmental factors explaining the variability in phytoplankton communities and regimes were nutrient concentrations (especially NO 3 +NO 2 ) at the base of Z eu , incident irradiance, and the Z SCM :Z Nit ratio (Fig. 7b, Table 5 ). Flagellate-based systems were associated with relatively fresh (S eu , 25.77 to 33.44) and stratified oligotrophic (NO 3 +NO 2 de pleted) waters (e.g. Beaufort Sea, central Canadian Arctic Archipelago), whereas diatom-based systems were associated with more saline (S eu , 29.88 to 33.27) and well-mixed eutrophic (NO 3 +NO 2 repleted) waters (e.g. Baffin Bay, Lancaster Sound, Amundsen Gulf hotspot). Hence, a transition from flagellate-to diatom-based systems was mainly controlled by ver-tical mixing, which governed the supply of nutrients to surface waters. The (NO 3 +NO 2 ): Si(OH) 4 and (NO 3 +NO 2 ):PO 4 ratios were lower than RedfieldBrzezinski values at most stations (Fig. 2d, Table 1 ), indicating that dissolved inorganic nitrogen was the potentially limiting macronutrient throughout the sampling region. In Baffin Bay, however, (NO 3 +NO 2 ):Si(OH) 4 ratios >1 and low Si(OH) 4 concentrations (data not shown) indicate potential silicon limitation, as previously reported (Michel et al. 2002 . Our results also agree with those of Carmack (2007) , showing a longitudinal gradient in vertical stratification decreasing from the Beaufort Sea to Baffin Bay through the Canadian Arctic Archipelago (Fig. 7b) . In the oligotrophic waters of the Beaufort Sea and Canada Basin (Carmack et al. 2004 , Lee & Whitledge 2005 , the numerical dominance of the small prasinophyte Micromonas Manton et Parke was explained by strong surface density gradients (Li et al. 2009 ). Therefore, the structure and functioning of Arctic phytoplankton regimes appears to be determined by similar drivers, i.e. vertical stratification and nutrient availability, as in tropical and temperate marine systems (Margalef 1978 , Margalef et al. 1979 , Cullen et al. 2002 .
The vertical position of the maximum chl a fluorescence relative to the nitracline differed between the 2 phytoplankton regimes (Fig. 7b) , possibly reflecting differences in phytoplankton adaptive strategies. In stratified oligotrophic regions (i.e. eastern Beaufort Sea, Amundsen Gulf and the central part of the Canadian Arctic Archipelago), Z SCM was above the nitracline (Z SCM :Z Nit < 1; Fig. 2e ). This pattern was also observed in stratified temperate waters (Venrick 1988) , where aggregated phytoplankton communities, generally dominated by flagellates, were called 'layer-formers' by Cullen & MacIntyre (1998) . Different adaptive mechanisms were proposed to explain this phytoplankton layer formation: (1) efficient nutrient consumption near the surface (Cullen & MacIntyre 1998) , (2) physiological control of buoyancy, and (3) grazer avoidance (Turner & Tester 1997 , Lass & Spaak 2003 , van Donk et al. 2011 . In wellmixed eutrophic regions (i.e. Baffin Bay and Lancaster Sound), the position of Z SCM was located near or below the nitracline (Z SCM :Z Nit ≥ 1). In this case, the phytoplankton layer was thicker and dominated by diatoms, a pattern described for 'mixers' by Cullen & MacIntyre (1998) . These 'mixers' are adapted to grow under variable light intensity (Demers et al. 1991 , Ibelings et al. 1994 , Cullen & MacIntyre 1998 . In accordance with Martin et al. (2010) , these findings suggest that the vertical stratification, through its determinant influence on upward nutrient fluxes, determines the intensity, shape, and phytoplankton communities of the subsurface chlorophyll maxima in the Canadian Arctic. The Z SCM :Z Nit ratio is therefore a useful predictor of phytoplankton communities and regimes observed at the depth of maximum chl a fluorescence, the latter being a common feature in ice-free Arctic waters during late summer and early fall (Hill et al. 2005 , Martin et al. 2010 , McLaughlin & Carmack 2010 .
In addition to the large-scale phytoplankton regimes described above, highly productive hotspots (e.g. central Amundsen Gulf, Lancaster Sound) reflect the influence of smaller-scale processes on biological systems. In the Amundsen Gulf, hydrodynamic singularities and forcing events such as upwellings, anticyclonic eddies, and storms have been identified as key forcings (Carmack & Chapman 2003 , Williams & Carmack 2008 ). Interestingly, remote sensing studies have docu mented recurrent locations of oceanic fronts in the Beaufort Sea (Belkin et al. 2009 ), including the hotspot in the central Amundsen Gulf (Belkin et al. 2003 , Ben Mustapha et al. 2010 . Strongly supported by 11 yr of satellite observations of surface temperature (1998 to 2008), 6 zones of enhanced horizontal thermal gradients were described and related to these forcing events (Ben Mustapha et al. 2010) . Our results show enhanced biological productivity that coincides with the location of the oceanic front described in the central Amundsen Gulf by Belkin et al. (2003) and Ben Mustapha et al. (2010) . Another well-documented oceanic front to the west of Cape Bathurst is associated with upwelling episodes due to the combined effect of wind forcing and isobath divergence (Belkin et al. 2003 , Ben Mustapha et al. 2010 , and sustains high biological productivity (Williams & Carmack 2008) . This study and others reveal that productive hotspots occur throughout the coastal Canadian Arctic, yet their contribution to total primary production still remains to be determined.
Temporal variability
Our study demonstrates that a fall bloom was a widespread feature throughout the Canadian High Arctic, as shown by the high chl a biomass and high re lative abundance of nanophytoplankton and micro plankton as well as centric diatoms (Chaetoceros spp.; Figs. 3b, 4b & 5b) . The occurrence of fall blooms has been documented in the Cape Bathurst polynya (Arrigo & van Dijken 2004 , Forest et al. 2008 and in the North Water , Caron et al. 2004 ), but has not been reported previously in other regions of the Canadian High Arctic. Fall blooms are expected in polynyas since their notoriously long open-water period allows the phytoplankton to exploit a portion of the nutrients supplied by the late season increase in convective mixing and upwelling (Tremblay & Smith 2007 ). The occurrence of these blooms elsewhere is more surprising and might be linked to the ongoing and widespread contraction of the ice-covered season, driven by late freeze-up rather than early melt (Howell et al. 2009 , Tivy et al. 2011 .
From late summer to fall, the relative abundance of chrysophytes and prymnesiophytes decreased coincidentally with the seasonal decline in incident irradiance and water temperature (Fig. 7b) . Similar trends in the carbon biomass of these 2 flagellate groups were observed in the Gulf of Bothnia (Baltic Sea) from August to October (Andersson et al. 1996) . In fall, the relative abundance of dinoflagellates (mainly Gymnodinium/Gyrodinium) increased in parallel to the sea ice cover formation (Fig. 7b , Table 3 ). These phagotrophic dinoflagellates, which were present throughout our study, were likely grazing on phytoplankton cells. This hypothesis is supported by results of Levinsen & Nielsen (2002) and Hansen et al. (2003) , showing significant ingestion of primary production by microzooplankton towards the end of blooms in the West Greenland and Baltic Seas. More studies are needed to better improve our understanding of the influence of environmental factors and grazing pressure on Arctic phytoplankton communities.
Ongoing responses of Arctic phytoplankton communities in a changing climate
Uncertainties and divergences remain with respect to the responses of Arctic phytoplankton dynamics to climate change (Behrenfeld et al. 2006 , Arrigo et al. 2008 , Vetrov & Romankevich 2009 , Boyce et al. 2010 , 2011 , Arigo & van Dijken 2011 . The present study highlights the biogeographic complexity and the existence of distinct phytoplankton regimes in the Canadian High Arctic (flagellate-versus diatombased systems). In this context, it is essential to take into account that each biogeographic region of the Arctic may respond differently to climate change.
Based on the classification of phytoplankton regimes defined earlier, we investigated the relationship between phytoplankton biomass in eutrophic and oligotrophic waters and sea ice coverage, using data at each station sampled from 2005 to 2010 (Fig. 8) . Eutrophic regions considered are Baffin Bay, Lancaster Sound, and the Amundsen Gulf hotspot. Oligotrophic regions are the eastern Beaufort Sea, peripheral Amundsen Gulf, and the central Canadian Arctic Archipelago. This analysis demonstrates that phytoplankton chl a biomass increases significantly with decreasing sea ice coverage in eutrophic and oligotrophic waters (Fig. 8) . However, the increase in phytoplankton biomass (i.e. the slope of the regression) is much higher in eutrophic waters. These different responses of eutrophic versus oligotrophic regions to the sea ice cover may provide interesting explanations to the divergent predictions with respect to future primary production in the Arctic Ocean (e.g. Arrigo et al. 2008 , Li et al. 2009 , Vetrov & Romankevich 2009 , Lavoie et al. 2010 ). In accordance with Lavoie et al. (2010) , a lengthening of the growing season would not induce a substantial increase in phytoplankton production and biomass in oligotrophic regions, due to persistent nutrient limitation. However, the increase in the frequency and intensity of storms at high latitudes (McCabe et al. 2001 , Zhang et al. 2004 , Yang 2009 ) suggests that episodic vertical mixing events will be more frequent in the future. Such changes in the stability of the water column could increase potential nutrient replenishment to surface waters, supporting episodic events of enhanced primary production in oligotrophic regions. For example, Tremblay et al. (2011) showed that the sea ice minima of 2007−2008 and upwelling-favorable winds in the southeast Beaufort Sea have synergistically resulted in a substantial increase in marine pelagic and benthic productivity (see also Forest et al. 2011b ). Our results also point to enhanced primary production as a result of the lengthening of the growing season in eutrophic regions. In productive regions, annual primary production appears to be controlled by the photoperiod, as previously shown by Rysgaard et al. (1999) . Altogether, the combined effect of a global increase in vertical stratification and lengthening of the growing season could alter the functioning and structure of eutrophic regions (i.e. diatom-based system), shifting to characteristics similar to oligotrophic regions (i.e. flagellate-based system). There is recent evidence that picophytoplankton-based systems, favored by warm temperature and strong vertical stratification of the upper water column, are becoming more dominant in the Arctic Ocean (Li et al. 2009 ). also found a positive correlation between picophytoplankton abundance and water temperature in the circumpolar Arctic. In addition, changes in archaeal and bacterial composition in the Arctic Ocean indicate that the microbial component has become more active and persistent, with a negative impact on the ecological efficiency of carbon transfer between phytoplankton communities and higher trophic levels (Kirchman et al. 2009 ). Interestingly, episodes of significant increases of jellyfish biomass favored by warmer sea surface temperature and low sea ice cover were reported in the Bering Sea throughout the 1990s (Brodeur et al. 2002 (Brodeur et al. , 2008 . It has been shown that these jellyfish blooms could induce major shifts in microbial structure and function, diverting carbon toward bacterial CO 2 production and away from higher trophic levels (Purcell et al. 2010 , Condon et al. 2011 . Highly productive regions, crucial to carbon and energy transfers in Arctic marine ecosystems, are strikingly sensitive to projected changes in the stability of the water column (Steinacher et al. 2010 ) and ocean acidification (Steinacher et al. 2009 ). Changes in these regions could alter the carbon flow to higher trophic levels and the capacity of the Arctic Ocean to act as a CO 2 pump, especially given the predicted increase in plankton respiration in a warmer spring-summer Arctic (Vaquer-Sunyer et al. 2010) . 
